Density functional theory (DFT) calculations are used to propose a Au-Cu binary metal catalyst for the electrochemical borohydride oxidation reaction (BOR), which is evaluated experimentally and observed to show enhanced oxidation activity relative to a pure Au electrode. Our previous work has applied DFT methods to determine the BOR mechanism and elucidate the key reaction steps that dictate catalyst activity and selectivity to complete oxidation. A balanced initial adsorption strength of the borohydride anion is essential for an active and selective catalyst. Adsorption must be strong enough to provide a reasonable coverage of surface species and promote B-H bond dissociation but not so strong as to promote easy dissociation and provide a high coverage of surface H atoms that result in H 2 evolution. Borohydride adsorption energetics were evaluated for a series of close-packed pure metal surfaces. Copper catalysts appear encouraging, but are not electrochemically stable under reaction conditions. Gold-copper alloys are predicted to show increased activity compared to a pure gold electrode, while maintaining the selectivity to direct oxidation and increasing over other surface alloys is also examined to further identify promising BOR electrodes.
Introduction
Direct borohydride fuel cells (DBFC's) utilize a high energy density, aqueous borohydride solution to directly convert chemical energy to electrical energy. There are a number of advantages and disadvantages regarding use of these fuel cells as an alternative energy conversion device. The aqueous fuel used in DBFC's does not have the storage and handling concerns associated with hydrogen fuel cells and the final product is an environmentally benign product that may be recycled. In addition to the energy intensity of borohydride synthesis, the main challenge in developing DBFC's is the low efficiency of electrocatalysts used for the borohydride oxidation reaction (BOR).
Previously tested materials, mainly noble metals, either suffer from low activity or low selectivity for the oxidation reaction, which limits the fuel cell efficiency to approximately 30%.
Multiple materials have been tested experimentally as anode electrocatalysts for DBFC's. Gold [1] [2] [3] [4] [5] and silver 3, 6 are more selective catalysts, which could produce up to 8 3 electrons per borohydride molecule, however, the low activity of these catalysts limit the fuel cell efficiency and high overpotentials are required to draw sizable currents from these catalysts. Platinum, 1, [7] [8] nickel, [7] [8] [9] and palladium 7 are more active for borohydride oxidation reactions, however an extreme activity of these catalysts for breaking B-H bonds leads to large amounts of hydrogen gas production and less than 8 e -collected per borohydride molecule converted. This lack of selectivity also limits the overall efficiency of the fuel cell.
We have previously applied density functional theory (DFT) methods to evaluate the borohydride oxidation mechanism over the Au(111) [10] [11] and Pt(111) surfaces, 12 as well as Pd-Ir alloys. 13 Our mechanistic studies [10] [11] of the BOR over the Au(111) surface concluded that the unfavorable borohydride adsorption and low activity for breaking B-H bonds causes low activity and large overpotentials. Alternatively, very exothermic, dissociative adsorption of BH 4 -ions over the platinum surface produces a large surface coverage of hydrogen. Recombination of the surface hydrogen as hydrogen molecules, competes with the surface hydrogen oxidation which causes the unselective production of hydrogen gas over this surface.
There are a few experimental attempts to use alloy catalysts for direct borohydride anodes. In most cases a combination of more selective catalysts like gold and more active catalysts like platinum or palladium is used. [13] [14] [15] [16] [17] Non-noble metals such as Ni have also been considered for bimetallic alloys with Au. Ni would reduce the cost of the catalyst and keep or even improve the catalytic activity towards the borohydride oxidation. 18 A Pt-Dy alloy electrode was also tested for the BOR reaction. 19 Pt-Dy alloys show comparable current density to pure platinum at room temperature, however, they have a 4 higher coulombic efficiency than platinum at elevated temperatures. Chatenet et al.
reviewed and compared the activity (power density and current density) of different alloys (AuPt, PtRu, NiPt, AgNi, AuNi, NiPd) to pure gold and platinum electrodes. 20 All these alloys are more active than gold electrodes, however, they also produce higher amount of hydrogen. Carbon supported palladium and copper nanoparticles were also considered for BOR and show better performance than pure palladium nanoparticles. 21 DFT studies were also performed on Pd-Ir alloys for BOR, 13 suggesting that the presence of Ir favored borohydride oxidation rather than the hydrogen evolution and increased the number of electrons released from the BOR when the concentration of Ir was increased.
Gold nanoparticles combined with amorphous Co-B (Au@Co-B) have been also considered for borohydride oxidation and the activity has been reported to be higher than pure gold electrodes. 22 These studies have concluded that alloy electrodes may increase the power density and improve the performance of the cell, increasing the current density and decreasing the overpotential, though the majority of these are not as selective to direct oxidation as pure Au electrodes.
Au alloyed with 3d metals have been shown to promote borohydride oxidation and retain selectivity to direct oxidation. He et al. carried out cyclic voltammetry, chronopotentiometry and chronoamperometry with different alloys composed by Au and 3d transition metals (M = Fe, Co, Ni, Cu and Zn). 23 Besides being a less expensive catalyst for borohydride oxidation, Au-M/C alloys have a higher specific activity for borohydride oxidation than pure Au, leading to a higher open circuit potential in the DBFC and more rapid borohydride oxidation. The authors assured that Au-Zn, Au-Fe and 5
Au-Cu showed no activity towards borohydride hydrolysis, minimizing one of the main problems of the DBFC.
Density functional theory (DFT) calculations can be used to predict the relative performance of various metal alloys for the BOR. As we have identified the adsorption free energy of BH 4 -ions to the electrode surface as a key indicator of electrocatalyst activity and selectivity, its evaluation with DFT can be used to predict catalyst performance. Weak molecular bonding of BH 4 * (where "*" denotes a surface species) will lead to a more selective catalyst, however, the activity of such catalysts for breaking B-H bonds will limit the activity. Strong dissociative adsorption indicates a more active catalyst, however, facile B-H dissociation will lead to a non-selective catalyst producing H 2 gas as well as oxidation products. Moderate molecular adsorption of BH 4 -ions to the catalyst surface will produce the best efficiency for the BOR, balancing the activity of the catalyst while maintaining selectivity to complete oxidation.
In addition to our initial study of Au-Cu alloys for BOR, the Kasai group has applied DFT to examine Au-based bimetallic electrocatalysts. 24 Experimental studies (electrodeposition, characterization, and voltammetry) realize the predicted enhanced activity of the Au-Cu catalyst.
Research methods

Computational methods
All calculations were performed using the ab initio total-energy and moleculardynamics Vienna ab initio simulation program (VASP) developed at the Institute for Material Physics at the University of Vienna. [26] [27] [28] Interactions of ions and electrons were described by using projected augmented wave method. 29 Exchange and correlation energies were calculated using the Perdew-Wang form of generalized gradient approximation. 30 In all calculations, plane-wave basis sets were used with a cut off energy of 400 eV. A 3×3×1 Monkhorst-Pack grid 31 was used for sampling the Brillouin zone during optimization of structures, followed by a 4×4×1 single point calculation to
give the total energy. A 5×5×1 Monkhorst-Pack grid 31 was used for sampling the Brillouin zone to search for the saddle points using the climbing image nudged elastic band method. To determine the zero point vibrational (ZPVE) corrections to the total energy of adsorbates, the harmonic vibrational modes were calculated.
Pure metal surfaces and the Au 2 Cu 1 bimetallic were modeled using a 4 layer slab and a 3×3 surface cell. An experimental value of 3.94 Å was used as the lattice parameter of the Au 2 Cu 1 fcc bimetallic structure. 32 Two bottom layers were constrained and the two top layers of the metal slabs were allowed to relax. 13 Å of vacuum was inserted between the periodic slabs. Adsorption of BH 4 species and borohydride oxidation intermediates were examined over the high symmetry atop, bridge, fcc and hcp sites. The energy of the adsorbed species were corrected for spurious slab-to-slab dipole interactions along the surface normal direction (VASP keywords LDIPOL=TRUE, IDIPOL=3).
Adsorption energies and the elementary surface reactions energetics were calculated using the lowest energy adsorbed states. Calculation of the adsorption energies and the elementary surface reaction energetics has been detailed in our previous publications. 
Adsorption of BH 4 -ions over close-packed, late transition metal surfaces
The adsorption of the BH 4 -anion is taken to occur with electron transfer through the reaction:
Adsorption of the borohydride ion is taken to displace a surface water molecule, which is returned to the aqueous phase upon desorption. As the adsorption reaction releases an electron, the adsorption free energy is dependent on the electrode potential. We calculate the adsorption free energy as a function of electrode potential as the difference in free energy between reactants and products in equation 1:
where a "*" denotes a surface species, U denotes the electrode potential on an absolute Upon exposure of these metal surfaces to the borohydride solution, the surface will likely saturate in BH* species, and hydrogen evolution will compete with oxidation once the BH* species are oxidized from the surface. This is in agreement with experimental borohydride oxidation tests which indicated lower selectivity and higher hydrolysis rates for platinum, 1, 7 palladium, 7 and nickel 7 .
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The borohydride ion adsorbs in a molecular state on the group IB metals (Au(111), Ag(111) and Cu(111)). At -0.5 V, adsorption over the Au(111) and Ag (111) surfaces is endergonic, however, the adsorption over Cu(111) is exergonic. This suggests the Cu electrodes might offer a better balance of greater activity than Au and Ag while maintaining higher selectivity against hydrolysis than Ni, Pd, and Pt.
A pure Cu electrode has been tested experimentally. 7, 34 . Though it shows activity for borohydride oxidation, the Cu electrode oxidizes at potentials near that at which borohydride is oxidized. [34] [35] Therefore, pure Cu materials are not stable for use as anode electrocatalysts in borohydride fuel cells. Collectively, these results suggest that no pure metal electrocatalyst will simultaneously offer the activity, selectivity, and stability needed for use as a BOR electrocatalyst. Au-Cu binary metals are known to be more stable than pure Cu versus oxidation, [36] [37] [38] and we further consider their borohydride oxidation activity in the following section. Table 1 . Adsorption free energy (eV) of BH 4 -ions to (111) or (0001) late transition metal surfaces at -0.5 V. "D" indicates dissociative adsorption which will generate "BH+3H" on the surface; "M" indicates molecular adsorption. Though the binding energy is relative to gas phase species, it is useful in identifying strongly or weakly bound species. Table 2 
Co
Elementary oxidation energetics of BH 4 * oxidation over the Au 2 Cu 1 (111) surface
The DFT energies of surface bound intermediates can be used to construct a reaction free energy diagram. For a general oxidation reaction converting adsorbed reactant R* to adsorbed oxidized product O*, the reaction and reaction free energy are written as: A higher barrier of the first reaction step on Au 2 Cu(111) is a result of more stable initial state and shorter reaction coordinate for this reaction compared to the Au (111) surface. Though the activation barrier referenced to the initial state is higher over the Au 2 Cu(111) surface than the Au(1111) surface, the barrier is lower by 0.10 eV on the bimetallic compared to the pure Au surface when the transition state is referenced to the non-bound BH 4 -state. As the initial BH 4 -adsorption is uphill in free energy at potentials of interest, the barrier relative to the non-bound state is kinetically relevant (ie, BH 4 * coverage is low), and the intermetallic surface will offer more rapid initial activation of borohyride than the pure Au(111) surface.
Activation barriers for dehydrogenation of BH 3 *
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The adsorption energy corresponding to the second step of the mechanism of borohydride oxidation, the dehydrogenation of BH 3 * to BH 2 * (reaction 6) over Au 2 Cu 1 (111), is discussed in this section:
BH 3 * has been identified as a stable reaction intermediate for the BOR reaction. 
Potential dependence of activation barriers
The dehydrogenation barriers presented in the previous sections can be converted to potential dependent, electrochemical barriers using the method we have previously developed . 11, 39 For example, the barrier for the electrochemical reaction,
is approximated using equation 9:
where Ea 0 is the activation barrier of the chemical step, β is the symmetry factor and U 0 is the equilibrium potential for surface hydrogen oxidation.
For the Au(111) surface, we previously determined U 0 and a  value that allowed a DFT-based microkinetic model to match experimental kinetics, 11 such that
The calculated value for U 0 on Au 2 Cu1(111) surface is -1.03 V(NHE). Therefore, the activation barriers for electro-oxidation reactions over the Au2Cu1(111) surface is
where we presume an equivalent symmetry factor on the intermetallic surface. Initial suggesting it will produce more rapid borohydride oxidation kinetics.
Experimental evaluation of Au-Cu alloys for borohydride electrooxidation
To realize the DFT predicted improved BOR performance of AuCu binary metal catalysts compared to a pure Au catalyst, we synthesized, characterized, and tested AuCu electrodes. Electrodeposition was used to prepare a AuCu film for electrokinetic testing.
Prior to electrokinetic testing, X-ray diffraction (XRD) and energy dispersive x-ray spectroscopy (EDS) were used to characterize the film. not exist on the pure platinum diffraction pattern. This minor peak corresponds to a AuCu(111) surface with a lattice constant of 4.036 Å. Based on the lattice constant the deposited film is 11.5% Cu and 88.5% Au, as calibrated by a continuous curve derived from empirical potentials that fits well to experimentally measured lattice constants. 32 
Deposited Au-Cu sample characterization with XRD and EDS
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A sample of Au-Cu deposited alloy from a solution of 1mM HAuCl 4 and 5mM CuSO 4 was confirmed by X-ray diffraction to have more than 60% copper which is not appropriate for DBFC application due to facile Cu oxidation. Though deposition of a 33% Cu sample was desired, the composition of a sample deposited from a solution of 1mM HAuCl 4 and 3 mM CuSO 4 was not possible to identify with XRD due to the integration of the Au-Cu peak into the Pt(111) peak.
EDS was further used to confirm the presence and relative magnitudes of Au and Cu in the deposited films. Though quantitative analysis of the compositions was not attempted, EDS demonstrated that relative copper to gold peak areas increase with increasing copper precursor concentration in the deposition solution and is consistent with compositions determined by XRD experiments. proportion of Au and Cu for borohydride oxidation was Au 67 Cu 33 , obtaining a current density 46% larger than using pure Au/C. An overpotential of -0.70 V was measured when Au 67 Cu 33 /C was used compared to -0.57 V on Au/C, improving the performance of the DBFC from 19.9 mW cm -2 using Au/C as the anode material to 51 mW cm -2 using
Linear sweep voltammetry of borohydride oxidation of the Au-Cu binary metal
Au 67 Cu 33 .
Computational screening of borohydride adsorption over other surface alloys
The AuCu binary metal BOR catalyst was arrived at based on a rationale of adding Cu to Au improve activity while providing more oxidative stability than pure Cu.
Similarly, we might expect binary compositions of group VIII and IB metals to balance the BH 4 affinity and B-H dissociation activity for a balance between activity and selectivity to direct oxidation. To explore the potential of other binary metal surfaces for improving the performance of BOR anodes, the borohydride ion adsorption free energy was evaluated. Strong dissociative adsorption is indicative of a very active catalyst, which is expected to produce to large amount of hydrogen and less than 8 e -per BH 4 -ion converted. Metal/alloy surfaces with mild molecular adsorption at potentials between -0.5 to -0.7 V could offer more activity while maintaining selectivity for the BOR. Table 3 presents the binding energy and adsorption free energy at -0.5 V(NHE) of the BH 4 -ion over a series of VIII-IIB binary metal surfaces. Binary metals reported in Table 3 are surface alloys only and are not bulk intermetallic alloys. Using the Ag 2 Ni surface alloy as an example, a 4 layer slab is used in calculations. The first 3 layers are all Ag atoms, whereas the surface layer consists of 6 Ag atoms and 3 Ni atoms evenly distributed in the 3x3 cell. 
